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Poleward migration of eddy-driven jets

R. Chemke® and Y. Kaspi'

'Department of Earth and Planetary Sciences, Weizmann Institute of Science, Rehovot, Israel

Abstract poleward migration of eddy-driven jets is found to occur in the extratropics when the subtropi-
cal and eddy-driven jets are clearly separated, as achieved by simulations at high-rotation rates. The pole-
ward migration of these eddy-driven baroclinic jets over time is consistent with variation of eddy
momentum flux convergence and baroclinicity across the width of the jet. We demonstrate this using a
high-resolution idealized GCM where we systematically examine the eddy-driven jets over a wide range of
rotation rates (up to 16 times the rotation rate of Earth). At the flanks of the jets, the poleward migration is
caused by a poleward bias in baroclinicity across the width of the jet, estimated through measures such as
Eady growth rate and supercriticality. The poleward biased baroclinicity is due to the meridional variation of
the Coriolis parameter, which causes a poleward bias of the eddy momentum flux convergence. At the core
of the jets, the poleward biased eddy momentum flux convergence relative to the mean jet deflects over
time the baroclinicity and the jets poleward. As the rotation rate is increased, and more (narrower) jets
emerge the migration rate becomes smaller due to less eddy momentum flux convergence over the nar-
rower baroclinic zones. We find a linear relation between the migration rate of the jets and the net eddy
momentum flux convergence across the jets. This poleward migration might be related to the slow pole-
ward propagation of temporal anomalies of zonal winds observed in the upper troposphere.

1. Introduction

Atmospheric jets play a key role in shaping the Earth’s climate through eddy-mean flow interactions. The lati-
tudinal location of the jets in the extratropics has a large effect on weather and storm track variability [Black-
mon, 1976; Blackmon et al., 1977]. There are observations dating back to the 1950s that anomalies of the zonal
jets propagate poleward with time [Riehl et al., 1950]. Dickey et al. [1992] suggested that such long time scale
poleward momentum propagation is related to the occurrence of El Nino and La Nina events. Feldstein [1998]
showed using reanalysis data that poleward migration of zonal-mean relative angular momentum anomalies
occurs at high (low) latitudes due to low (high) frequency transient eddy momentum flux convergence feed-
back. In addition, James et al. [1994] used a simplified GCM to capture the low frequency of the zonal wind.
They showed that the zonal wind zonal mean anomalies migrate poleward at a rate of one degree latitude
per day in a reoccurring sequence every 60-70 days. The time scale of this propagation (40-60 days) [Rieh/
et al,, 1950; Feldstein, 1998] is relatively long compared to the variations in the radiation intensity associated
with the seasonality on Earth, and therefore observations of this phenomenon are difficult.

Nonetheless, due to the importance of understanding zonal jet behavior and their implications on global
and regional climate, several studies have attempted to provide a mechanism for this phenomenon. James
and Dodd [1996] showed that the meridional wave number of the equatorward propagating Rossby wave
causes a poleward bias in the eddy momentum flux convergence around the jet’s core. As a result, the zonal
wind migrates poleward toward the wave’s origin at a velocity of 0-2 m s~ . Robinson [2000] argued that
due to the sphericity of the planet, the asymmetry of the meridional wave propagation [e.g., Held and Hos-
kins, 1985; Whitaker and Snyder, 1993] causes the convergence of the EP flux to occur equatorward of the
generation latitude of the eddies. This produces a residual circulation, which reinforces the baroclinicity at
lower levels, poleward of the generation latitude of the eddies. Thus, the eddies push the baroclinicity pole-
ward. Lee et al. [2007] showed that the homogenization of PV through Rossby wave breaking halts the prop-
agation of these waves equatorward. As the critical latitude migrates poleward, so do the negative and
positive zonal wind anomalies. The reconstruction of the westerlies through temperature relaxation, enables
the Rossby waves to reinvade lower latitudes. Other studies [Lorenz, 2014a,b] have also discussed the impor-
tance of the critical and reflective levels in shifting the zonal wind anomalies poleward.
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Similar jet migration, though equatorward, has been seen in ocean models as well. Chan et al. [2007]
showed using a semihemisphere zonally reentrant ocean model that the secondary jets from the equator in
the ocean form at high latitudes, and slowly migrate equatorward. Their proposed mechanism relies on the
fact that around each secondary jet in their model, the static stability increases equatorward; hence, the
Eady growth rate develops an asymmetry around the zonal axis of the eddy-driven jet. This in turn, causes
an asymmetry in the eddy heat fluxes around the zonal axes of the jet, which produce a residual meridional
velocity. Due to mass conservation a residual circulation will form, which will cool the core of the jet, thus,
moving the maximum baroclinic zone away toward latitudes with higher values of static stability (equator-
ward). Similar equatorward migration of off-equatorial barotropic oceanic jets was found in a model of an
ice covered ocean (Y. Ashkenazy and E. Tziperman, Variability, instabilities and eddies in a Snowball ocean,
submitted to Journal of Climate, 2015).

From an eddy life cycle point of view, Orlanski [2003] showed that anticyclonic (cyclonic) wave breaking
due to the f effect causes a westerly (easterly) flow at the poleward side of the eddy axis. Following on this,
Riviere [2009] showed, using the Rossby waves refractive index, that there is a poleward displacement of
the upper layer jet due to the absolute vorticity component in the gradient of the potential vorticity, which
favors anticyclonic wave breaking. In addition, due to the [ effect, there is a positive eddy feedback that
will cause the jet to propagate poleward. Such poleward propagation is particularly evident downstream of
the Atlantic and Pacific storm track entrance regions [Chang et al., 2002].

On Earth, due to the relatively large typical eddy length scale compared to the size of the planet, the eddy-
driven jet usually is partially merged with the subtropical jet and captures a significant part of the baroclinic
zone. As a result, and due to the seasonal variations, it is difficult to identify any mechanism of poleward
migration, resulting in both previous observational and modeling studies using various filtering methods in
order to identify these migrating anomalies [e.g., Feldstein, 1998; Lee et al., 2007]. Here, in order to isolate
only the eddy-driven jets and to examine multiple jet regimes (where jet migration is more pronounced),
we study a series of simulations where we vary the rotation rate of the planet. This allows both separating
the eddy-driven jet from the subtropical jet, and studying the dependence of the poleward migration on
the rotation rate of the planet, which turns out to be important for understanding the poleward migration.
Planets with higher rotation rates exhibit multiple zonal jets due to eddy length scales becoming smaller as
rotation rate is increased [Williams and Holloway, 1982; Vallis and Maltrud, 1993; Cho and Polvani, 1996; Nav-
arra and Boccaletti, 2002; Kaspi and Schneider, 2011, Kaspi and showman, 2015; Chemke and Kaspi, 2015].
Concomitantly, as the rotation rate of a planet is increased, the Hadley cell becomes narrower and less
intense, resulting in more equatorward and weaker subtropical jets [e.g., Held and Hou, 1980; Walker and
Schneider, 2006]. Purely eddy-driven jets, which are distinct from the subtropical jets, form in our simula-
tions only at rotation rates faster than Earth'’s rotation rate.

In this study, we use the variation of rotation rate as a method of varying the eddy length scale. Alterna-
tively, we could have varied the planetary radius or thermal Rossby number [e.g., Mitchell and Vallis, 20101,
but for demonstrating the jet migration we find that varying only the rotation rate captures this mechanism
most clearly. Experimenting with fast rotation rates and thus a regime of multi-eddy-driven jets, enables the
quantitative study of the poleward migration of these jets.

Section 2 describes briefly the idealized GCM and analysis methods. The jet migration in our simulations,
and the proposed mechanism for the poleward propagation are presented in sections 3 and 4, respectively.
Section 5 demonstrates the properties of the poleward migration over multiple eddy length scales, jet
widths, and migration rates by varying the planetary rotation rate. The results are further discussed in sec-
tion 6.

2. Model

We use an idealized aquaplanet moist global circulation model (GCM), based on the GFDL flexible modeling
system (FMS). This is a 3-D spherical coordinate primitive equation model of an ideal-gas atmosphere set at
perpetual equinox similar to Frierson et al. [2006] and O’Gorman and Schneider [2008a]. The lower boundary
of the model is an ocean slab with no topography. The model does not contain a representation for ocean
dynamics (heat transport, etc.), thus, the surface temperature only changes due to heat transport between
the ocean slab and the lower layer of the atmosphere through radiative, sensible, and latent heat fluxes.

CHEMKE AND KASPI

POLEWARD MIGRATION OF EDDY-DRIVEN JETS 2



QAG U Journal of Advances in Modeling Earth Systems  10.100212015ms0004e1

Latitude

Latitude

Latitude

Time [Days]

2000 500
Time [Days] Time [Days] Time [Days]

Figure 1. Hovmoller diagrams of zonal and vertical averaged zonal wind (G, ms™") as a function of time for different simulations at rotation rates between Q, and 16Q.. Note the differ-

ent color scales for each plot.

The parameterization of the surface fluxes (sensible heat, latent heat, and water vapor) and the boundary
layer is based on the Monin-Obukhov similarity theory. The model contains a constant latitudinal distribu-
tion of solar radiation at the top of the atmosphere and a standard two-stream gray radiation scheme for
long-wave radiation [Held, 1982], with optical depths that are only a function of latitude and pressure [Frier-
son et al., 2006].

We carry out a set of experiments where we systematically increase the planetary rotation rate up to 16
times Earth’s rotation rate (Q.). Each simulation has 30 vertical sigma layers at T170 horizontal resolution
(0.7° X 0.7°). Simulation results presented here have a 6 h temporal resolution (model time step is 150 s),
and have been zonally and vertically averaged, in addition to a running time average of 20 days. The atmos-
phere reaches a periodic jet migration state by day 200, and the results represent the last 1500 days of
2000 day runs. The periodic jet migration state in these simulations is a state where the eddy-driven jets are
constantly forming near the subtropical jet and migrating poleward. Thus, the simulation results we present
are not at steady state.

3. Jet Migration

In this section, we present a set of simulations with rotation rates faster than Earth’s (hence smaller eddy
length scales), where the eddy-driven jets and their poleward migration can be clearly identified. We begin
with demonstrating the jet migration over a series of simulations, and then proceed to explain the migra-
tion mechanism. Figure 1 shows Hovmoller diagrams, from simulations at different rotation rates, of the
zonal and vertical averaged zonal wind, U. Four interesting properties can be seen in this plot: First, a clear
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Figure 2. Hovmoller diagrams of zonal and vertical averaged eddy momentum flux convergence (N,, m's2) as a function of time for different simulations at rotation rates between Q,
and 16Q.. Note the different color scales for each plot.

separation between the eddy-driven jet and the subtropical jet begins at rotation rates faster than 2Q,. Dif-
ferent than the observations and previous modeling studies where the migration referred to the zonal wind
anomalies [Riehl et al., 1950; Dickey et al., 1992; Feldstein, 1998; Lee et al., 2007; Chan et al., 2007], here the
poleward migration of the eddy-driven jets themselves is clear. Second, the subtropical jet does not change
its latitudinal location with time, and is determined by the latitudinal extent of the Hadley cell, which moves
equatorward with increasing rotation rate [Held and Hou, 1980; Walker and Schneider, 2006; Kaspi and Show-
man, 2015]. Third, the number of jets, as in Williams and Holloway [1982], shows an increase with rotation
rate; and fourth, the rate of poleward migration of the eddy-driven jets decreases with rotation rate. These
last two points are discussed in detail in section 5. Furthermore, as pointed out by Son and Lee [2006] in the
context of zonal wind anomalies, the continuous migration of the eddy-driven jet is different from the phe-
nomenon of jet meandering (zonal index) [e.g., Robinson, 2000], or from the jet's meridional shift due to
external forcing in a steady state [e.g., Kidston et al., 2011; Barnes and Thompson, 2014; Lorenz, 2014a,b; Zur-
ita-Gotor et al., 2014].

The vertically integrated zonal momentum QG equation to leading order is given by

du_ 1 J(uVvcos’0)
ot acos20 00

+F, m

where primes denote deviation from the zonal mean (overbars), a is Earth’s radius, 0 is latitude, v is meridional
velocity, and F represents surface drag. This shows how the eddy momentum flux convergence can accelerate
or decelerate the jet [Vallis, 2006]. As a result of the vertical integration, the Coriolis term (fv) in the QG
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momentum equation vanishes due to mass conservation. In addition, mainly due to the zonal average, the
mean momentum flux convergence terms are small compared to the eddy momentum flux convergence
terms. Figure 2 shows Hovmoller diagrams similar to those in Figure 1 only for the zonal mean eddy momen-
tum flux convergence, N, (following the notation of Hoskins et al. [1983], and in spherical coordinates),

1 O(u'v'cos?0)

Ny=- acos20 90

)

The eddy momentum flux convergence shows the same signature of migration as the jets themselves, and
the correlation between the momentum flux convergence regions (Figure 2) and the extratropical jets (Fig-
ure 1) indicates that indeed these jets are eddy driven. The lack of momentum flux convergence at the loca-
tion of the equatormost and nonmigrating jet, indicates that this is a subtropical jet, located at the edge of
the Hadley cell. Only for the lowest rotation rate cases this separation between the subtropical and eddy-
driven jet is not distinct.

4, Jet Migration Mechanism

Carrying on the results of the previous section, here, we propose a mechanism for the poleward migration
of the eddy-driven jets, by focusing first on one simulation with a rotation rate of 8CQ. In the next section,
we show the consistency of this mechanism for all other rotation rates we explored, in addition to the rota-
tion rate’s effect on the jet migration rate.

Figure 3 shows a latitudinal cross section of u and N, for a specific time of this simulation. It shows the lati-
tudinal correlation in each eddy-driven jet between u and N,, and the lower values of N, at the latitudes of
the subtropical jets. Moreover, N, has a poleward bias around each eddy-driven jet. In order to demonstrate
this poleward bias more clearly, and to show how robust this bias is for all the eddy-driven jets through the
entire simulation, we sum N, (XN,) separately over the poleward and equatorward flanks of each eddy-
driven jet, and plot XN, over the poleward flank (X,N,) versus N, over the equatorward flank (Z.N,) for
each jet (Figure 4). The meridional width of each flank is defined as the distance between the latitude of
maximum vertically averaged mean zonal wind within each jet, and its closest latitude of minimum or zero
zonal wind. Summing over the full latitudinal width of the jet flanks, and not comparing only the closest
poleward and equatorward points around the jet's peak enables accumulating better statistics for each jet,
and thus accounting the total effect that the eddy momentum flux convergence has on the whole jet and
not only on its peak. This also accounts for the meridional structure of both the eddy-driven jet and eddy
momentum flux convergence. In addition, it accounts for the migration of the jet even in cases where the
peak of the jet (represented by a

5 single point) has not moved

15 T T )ém meridionally or moved in a dif-
N n ferent direction. Each dot in Fig-

ure 4 represents an eddy-driven
jet at a specific time and lati-
tude. The black line represents
the line where Z,N, equals Z.N,
for a given jet (i.e, a slope of
unity in this plot). A jet (dot) for
> which its ,N, is larger than its
XNy, appears therefore above
J U the black line, and vice verse.
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Latitude most of the jets through the
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Figure 3. Vertical and zonal mean zonal wind (u, blue), and eddy momentum flux conver- (8Q.), experience a poleward
gence (N,, green) as a function of latitude for a specific time in the 8Q, simulation. Results L

X ) bias in ZN,.

are smoothed with a 20 day running mean. Y
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x107° In order to quantify the magnitude of this
" poleward bias, we perform a linear regression
analysis (red line) on the data presented in
8l - Figure 4. When the slope of this line equals
that of the black line (1:1), the mean magni-
tude of the poleward bias equals to that of
9 ""_ 1 the equatorward bias. In Figure 4, the slope
. of this line is about 1.55, which means that
Z;’ most of the jets experience a strong pole-
a4 . . h ward bias of XZN,. Therefore, over most
N % AN instances of the simulation time, the momen-
tum flux convergence in equation (1) is stron-
2y . Tt 1 ger on the poleward flank of the jets, and
. therefore supports a poleward migration of
the jets. Similarly, previous studies have also
shown the importance of eddy momentum
flux convergence in propagating the mean
- - - - - zonal wind anomalies [e.g. Feldstein, 1998;
0 2 Z 4N 5 Lee et al, 2007; James and Dodd, 1996], as
e’ 'Y x10 expected from equation (1).

Figure 4. The sum over the poleward (X,) versus equatorward (Z) flanks The group velocity of Rossby waves propa-
of the eddy momentum flux convergence (N,, m s~2) for all jets in the 8 ates away fi th . Th _
Q. simulation. Each dot represents a jet at a certain time and latitude. 9 y rom € source region. ere
The black line represents a line where the sum of the eddy momentum fore, in the presence of Rossby waves there is

flux convergence over the poleward flank (X N, ) is equal to the sum of an eddy momentum flux convergence at the
the eddy momentum flux convergence over the equatorward flank . . he b lini

(Ze Ny). The red line represents the best fit for the data based on a linear source region (in our case, the baroclinic
regression analysis. unstable region) [Vallis, 2006]. Using a QG

model, Riviere [2009] showed that the waves
with the largest growth rates are dominant in shifting the jet poleward. Hence, an increase in baroclinic
growth can enhance poleward propagation of the jet. Thus, we next analyze the meridional location of bar-
oclinicity (eddy generation) in order to study its location relative to the eddy momentum flux convergence
and the eddy-driven jet.

As the simplest possible baroclinicity measure, we first use the Eady growth rate, g, [Eady, 1949; Pedlosky,
19871 which represents the growth rate of the most unstable waves as a simple local measure for the baro-
clinicity [e.g., Stone, 1966; loannou and Lindzen, 1986; Hoskins and Valdes, 1990; Lorenz and Hartmann, 2001;
Chan et al., 2007; Smith, 2007; Merlis and Schneider, 2009],

3)

where fis the Coriolis parameter, U, is the vertical shear of the zonal wind, and 5= %% v is the static sta-
bility. Despite the fact that the Eady growth rate was developed on the f-plane, Lindzen and Farrell [1980]
showed that the Eady growth rate is also suitable to represent the growth rate of the most unstable waves
on a beta plane as in Charney’s model [Charney, 1947]. Nonetheless, we will later investigate the jet migra-
tion mechanism with other measures of baroclinicity such as the supercriticality parameter [e.g., Held and
Larichev, 1996]. Figure 5a shows the sum over the poleward and equatorward flanks, defined as for the
momentum flux convergence in Figure 4, but for the zonally and vertically averaged Eady growth rate. As
for N,, the Eady growth rate also shows a clear poleward bias around the jet's core. About 83% of the jets
experience a poleward bias in the Eady growth rate, with a 1.18 larger magnitude than the equatorward

bias (red line).

To better understand why the Eady growth rate has a robust poleward bias around the jet's core, we imple-
ment the same analysis on all three components of the Eady growth rate: U,, S, and f (Figures 6a-6c¢, respec-
tively). As for the Eady growth rate itself, we look at the vertical average of all three components. The
vertical shear of the zonal wind (Figure 6a) is symmetric around the jet's core: only 55% of the jets
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Figure 5. The sum over the poleward (X,) versus equatorward (Z.) flanks of (a) the Eady growth rate, g, s~ " and (b) the supercriticality
parameter, . for all jets in the 8Q, run. Each dot represents a jet at a certain time and latitude. In each plot, the black line represents a line
where the sum over the poleward flank is equal to the sum over the equatorward flank. The red line represents the best fit for the data
based on a linear regression analysis.

experience a poleward bias in U, with approximately the same magnitude as the equatorward bias (only
0.97 larger). Thus, U, does not contribute to the above poleward bias in the Eady growth rate.

As discussed in section 1, Chan et al. [2007] showed that the meridional change of the static stability in the
ocean can have a profound effect on the direction of the eddy-driven jet's migration. In the atmosphere,
the vertically integrated static stability generally increases poleward. Thus, it can cause an equatorward bias
in the Eady growth rate. However, as can be seen in Figure 6b, the static stability is also symmetric around
the jet's core; only about 52% of the jets experience a poleward bias in static stability, with approximately
the same magnitude as the equatorward bias, which is only 1.07 times larger. Hence, relative to its magni-
tude, the static stability does not vary much with latitude, and also does not contribute to the poleward
bias in the Eady growth rate.

The Coriolis parameter, however, has a clear poleward bias (Figure 6¢) as expected from its latitudinal
dependence. 91.41% of the jets experience a poleward bias with a 1.26 times larger magnitude than the
equatorward bias. In fact, since f is a trigonometric function, we expect that all the jets should experience a
poleward bias in f. However, some of the jets (8.59%) experience an equatorward bias in the Coriolis param-
eter measure. This occurs since the structure of the jets is not always meridionally symmetric (Figure 6a).
This asymmetry results in a wider equatorward flank than a poleward flank for some jets. Thus, in a small
subset of the cases, the summed Coriolis parameter is larger on the equatorward flank of these jets, even
though the value of f always increases poleward. Despite this asymmetry in some of the cases, statistically,
the meridional structure of the jets is symmetric around the jet core (Figure 6a). Repeating this analysis
of the poleward bias without accounting for the meridional structure of the jets (e.g., by summing over the
same amount of latitudes poleward and equatorward of the jet's core) produces the same behavior in all of
the above components.

Therefore, the poleward bias of the Eady growth rate around the jet’s core is primarily due to the sphericity
of the planet (the latitudinal increase of the Coriolis parameter). Since the Eady growth rate was derived
from a f-plane theory, and in order to account for the sphericity of the planet (the -effect in QG), we also
examine the supercriticality, £, as a measure for baroclinicity,

.U,

Cc= ﬁHSZ ’ (4)

which was found to be suitable for two layer models [Phillips, 1954; Held and Larichev, 1996], continually
stratified models [Charney, 19471 and GCMs [Schneider and Walker, 2008], where ;= g; and H is the tropo-
pause height. Figure 5b shows the same type of analysis as in Figure 5a but for the supercriticality parame-
ter. The height of the tropopause is calculated as the height where the static stability reaches a threshold
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Figure 6. The sum over the poleward (Z,) versus equatorward (Z.) flanks of (a)
the vertical shear of the zonal wind, U, (s '); (b) the static stability, 5% (s72); (c) the
Coriolis parameter, f (s'); (d) 2" (ms™"); (e) the tropopause height, H (m); (f)
the sum of the divergence of the vertical component of the EP flux for all jets in
the 8Q, run. Each dot represents a jet at a certain time and latitude. In each plot,
the black line represents a line where the sum over the poleward flank is equal to
the sum over the equatorward flank. The red line represents the best fit for the
data based on a linear regression analysis.

value of 0.015 s™' and is symmetric
around the jet's core (Figure 6e). The
supercriticality has a robust poleward
bias around the jet core; about 99% of
the jets experience a poleward bias
with a 1.72 larger magnitude than
the equatorward bias. As in the Eady
growth rate case, the main contributors
to the poleward bias in supercriticality
is its Coriolis related parameter, f2f”"
(Figure 6d).

The eddy-mean flow energy cycle
describes the conversion of mean avail-
able potential energy to mean kinetic
energy through eddy heat and momen-
tum fluxes [Lorenz, 1955]. Simmons and
Hoskins [1978] showed that the pertur-
bation life cycle plays an important role
in this cycle. As the perturbation grows
through baroclinic instability while sub-
tracting potential energy from the
mean flow, it eventually decays baro-
tropically and returns kinetic energy to
the mean flow by eddy momentum
fluxes. In our simulations, in addition to
the poleward biased eddy momentum
flux convergence, the divergence of the
vertical component of the EP flux, fol-
lowing Edmon et al. [1980], also has a
poleward bias around the jet’s core (Fig-
ure 6f). About 82% of the jets experi-
ence a poleward bias in the divergence
of the vertical component of the EP
flux, with a 2.25 larger magnitude than
the equatorward bias (red line).

To examine the causality between the
mean zonal wind, Eady growth rate,
and eddy momentum flux convergence,
we produce a composite of these fields

at all latitudes and times (blue, red, and green lines in Figure 7, respectively). The reference time for this
composition (lag 0 in Figure 7) is the minimum in the Eady growth rate around each cycle (between two
consecutive maxima of the mean zonal wind). Choosing a different reference time (e.g., the minimum or
maximum of the mean zonal wind) produces the same results. For ease of comparison, the Eady growth
rate and eddy momentum flux convergence were rescaled using a linear regression analysis with the mean
zonal wind. Around each peak of the mean zonal wind (blue line, Figure 7), the left branch is what we
referred to as the poleward flank in Figure 3 (since when looking from a specific latitude the poleward flank
appears prior to the arrival of the peak). At the flanks of the jets (i.e., at times between 0 and 100 days and
after 250 days) the Eady growth rate precedes the eddy momentum flux convergence that precedes the
mean zonal wind. However, around the jet's core (i.e., at times between 100 and 250 days), the eddy
momentum flux convergence precedes the Eady growth rate, which precedes the mean zonal wind.

At the flanks of the jet, the vertical shear of the zonal wind is weak, and thus the poleward bias in the Corio-
lis parameter causes the poleward bias in baroclinicity, which results in the bias of the eddy momentum
flux convergence. Around the jet's core, on the other hand, the baroclinicity is more affected by the strong
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vertical shear of the zonal wind,
which decreases the poleward
bias in the Eady growth rate. In
both regions, the increase of the
mean zonal wind can further
increase the baroclinicity and/or
the eddy momentum flux con-
vergence (as can be seen by the
latter times in Figure 7). This
growth occurs at the expense of
these properties at equatorward
latitudes, thus producing the
poleward migration (Figure 1).
This suggests that while the forc-
ing of the migration of the jets
. at their flanks is due to the pole-
-160 0 160 320  ward bias of baroclinicity (due to
Lag [Days] the sphericity of the planet), at

Figure 7. The composite time series over all latitudes of the mean zonal wind (blue), ms™, their cores, the eddy momen-
Eady growth rate (red), 107> s~', and the eddy momentum flux convergence (green), 10~° tum flux convergences drive the
m s~ 2 for the 8Q), simulation. The reference time for this composition (lag 0 day) is the mini- migration. Robinson [2000] dis-

mum in the Eady growth rate around each cycle (between two consecutive maxima of the
mean zonal wind).

cussed the importance of the
eddies in driving the poleward
drift of both the mean zonal
wind and the baroclinicity (as occurs at the jets’ core in our simulations) through the equatorward propaga-
tion of momentum fluxes aloft (due to the sphericity of the planet). Thus, the sphericity of the planet plays an
important role in affecting the poleward migration of the jets in both the flanks and the core of the jet.

In Lee et al. [2007], the migration of zonal wind anomalies starts in the tropics due to midlatitude wave
breaking, while in our simulation the migration of the jets occurs only in the extratropics. However, the lat-
ter stages of their mechanism (the drift of zonal wind anomalies by eddy momentum flux convergence) are
similar in both cases. In the extratropics, Lorenz [2014b] showed that the reflecting level is responsible for
the poleward shift of the zonal wind anomalies, even when imposing a symmetric convergence of the verti-
cal EP flux (i.e,, no asymmetry in baroclinicity). This mechanism can also be suitable to explain the poleward
biased eddy momentum flux convergence around the jet's core.

In steady state simulations, surface drag plays a major role as it balances the eddy momentum flux conver-
gence [e.g., James and Gray, 1986; Panetta, 1993; Robinson, 1996, 2000; Cai and Shin, 2014, equation (1)].
However, as in Lee et al. [2007], we have found that systematically experimenting with variation of surface
drag (by varying the surface roughness length) in these simulations (including cases where we significantly
reduce the surface drag) has only a very minor affect on the jets and their migration (Figure 8). This is con-
sistent with the fact that in equation (1) the leading order balance is between the zonal wind tendency and
eddy momentum flux convergence. However, as we increase the surface friction beyond a certain value it
begins to take an important role in the balance, and as a result, the migration rate decreases (Figure 8).

Furthermore, in the presented simulations both the divergence of the EP flux and measures of baroclinicity
show a poleward bias around the jet's core (Figures 4, 5, and 6f), while the convergence of the EP flux
occurs equatorward of the latitude of maximum baroclinic growth (Figure 7), as in Robinson [2000], and of
the jet's position (Figure 3). However, the important role that friction plays (closing the mean meridional cir-
culation in a steady state) in Robinson’s mechanism seems to be of secondary importance in these simula-
tions (Figure 8).

5. The Properties of the Poleward Migration Over Multiple Rotation Rates

To demonstrate the robustness of the mechanism presented in section 4, we perform the same analysis for
N,, Eady growth rate, the supercriticality and their variables on representative model runs with different
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0.05 T T T rotation rates (6, 9, 12, and 16
Q.). The results are summarized
b b ° in Table 1. The symmetry in U,
$2, and H around the jet's core is
robust for all rotation rates, as
the percentage of jets which
experience a poleward bias is
around 50%, and the ratio
between the magnitude of the
poleward bias and equatorward
bias is around unity.
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The poleward Coriolis bias within
the jet width decreases with
rotation rate (Figure 9 and
0.02 s . . . Table 1). There are two compet-
10° 10° 107 107" 10" ing mechanisms which affect
Surface roughness length the magnitude of the Coriolis
parameter’'s poleward bias. On
one hand, as the rotation rate
increases, the Coriolis parameter
grows more rapidly with latitude, which causes the poleward bias to increase. On the other hand, as the
rotation rate increases the number of eddy-driven jets increases as well (nje; o Q8" due to the decrease
in the eddy length scale (Figure 10), and therefore, the width of each one of the multiple baroclinic
regions and the variation of the Coriolis parameter within each jet decreases. Since the number of jets
increases with rotation rate, while the radius of the planet remains constant, the space between the jets
decreases with rotation rate. Figure 11 shows the eddy-driven jet spacing as a function of latitude and
rotation rate, where the jet spacing is defined as the length between two consecutive maxima of the
zonal wind. The narrowing of the flanks causes the magnitude of the summed Coriolis parameter to
decrease in both flanks, and thus to a total decrease in the magnitude of the poleward bias and resulting
migration rate. The simulations show that the narrowing of the jets dominates the migration rate, over
the increase in the value of the Coriolis parameter (Figure 1). The importance of the jet scaling on their
meridional migration was also discussed by Thompson [2010] in the context of topographic variations.

Figure 8. The migration rate, ms ™', as a function of the surface roughness length, m. The
red dot represents the value of surface friction used in the presented simulations.

The decrease in the poleward bias of the Coriolis parameter, leads also to a decrease in the poleward bias in
the Eady growth rate and supercriticality (Figure 9 and Table 1). The mean net bias (X, minus X.) in Figure
12a demonstrates the effect of the jet narrowing on the poleward biased Eady growth rate and supercriti-
cality with rotation rate. The poleward bias of N, is robust in all the rotation rates (Figure 9 and Table 1), and
also shows a decrease in the poleward bias of N, as the rotation rate increases (Figure 9 and Table 1). Note
that in Figure 9 even though the N, bias ratio (red line) does not change with rotation rate, the actual bias
value decreases, as consistent also with Figure 12b. Figure 12b also shows that the poleward bias of N, is
robust in all rotation rates (positive values) and that the mean net bias decreases with rotation rate, and is
x Q2

Based on our proposed mechanism for the poleward migration of the jets (section 4), the migration rate
should be proportional to the net eddy momentum flux convergence, since this is the force that acts on the
jets to propagate them poleward. Hence, we expect that the rate of migration should decrease with rotation
rate as can be seen by comparing the slopes of the jet propagation with time in the Hovmoller plots in

Table 1. The Percentage of Jets Which Experienced a Poleward Bias, and the Magnitude of the Poleward Bias Relative to the
Equatorward Bias for Each Property for Several Rotation Rate Simulations

Q. U, (s7") S (s H (m) f(s™) 287" (ms™") a(s) & N, (ms~1)

6 53.38%,0.97  71.30%, 1.10  52.59%, 0.99  97.12%, 1.32 99.95%, 1.71 90.48%, 1.22  100.00%, 1.78  90.68%, 1.46
9 55.90%, 0.99  55.84%, 1.07  47.93%,0.97  86.81%, 1.25 99.67%, 1.54 80.65%, 1.21 99.93%, 1.77  87.26%, 1.45
12 55.61%,099  53.00%, 1.07  42.23%,0.97  79.96%, 1.21 98.15%, 1.42 76.10%, 1.21 98.53%, 1.70  86.99%, 1.45
16 5837%,1.00 56.72%,1.06  43.08%,0.95 73.20%, 1.18 78.40%, 1.37 72.51%, 1.20 87.57%,1.71  86.38%, 1.46
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Figure 9. First, second, and third rows are the same as Figures 6¢, 5a, and 4, respectively, only for 6 (first column), 9 (second column), 12 (third column), and 16 (fourth column) Q. runs.

Bias values appear in Table 1.

Figure 1. Feldstein [1998] showed that in observations the poleward propagation speed decreases toward
the midlatitude and increases toward the high latitudes. For the quantitative calculation of the migration
rate (Figure 12c), we treat the meridional variations in the migration rate as a second-order process, and fit
a linear trend over the entire baroclinic zone (from the subtropical jet to the latitude where the jets vanish)
for all the jets in each rotation rate. Only simulations with a continuous migration were taken into account
(simulations with a rotation rate larger than 5Q,). Figure 12c shows that the migration rate of the eddy-
driven jets decreases with rotation rate and is oc Q%% Figure 13, indeed, shows the nearly linear relation
between the jet migration and the net eddy momentum flux convergence.

Nonetheless, due to the dependence of jet spacing on latitude as can be inferred from Figure 11, care
should be taken when developing such scaling. In addition, unlike Feldstein [1998], in our simulations, the
maximum propagation speed occurs at midlatitudes, although the meridional variations of the migration
rate are small compared with its variations with rotation rate. The maximum propagation speed occurs at
midlatitudes due to two reasons: First, as the jets propagate to higher latitudes the variations of the Coriolis
parameter around their flanks (the beta effect) become smaller, which decrease the poleward bias of the
baroclinic growth rate and N, and thus the rate of migration. On the other hand, the jet spacing increases
with latitude (Figure 11), thus, as explained previously for different rotation rates, at higher latitudes the
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' ' ' ' ' ' ' ! wider jets can have a stronger

10} ® _  poleward bias. As a result, the
° maximum  propagation speed
occurs at midlatitudes.
°

8r o _
7] . .
o ° 6. Discussion
— °
S 6} 1 In this study, we show using a
g ° high-resolution idealized moist
[ GCM (the poleward migration of
2 ar 1 the eddy-driven jets does not

depend on moisture processes,
ol ~ QO 81 | thu.s, rep‘ea.ting‘ these simulétions
while eliminating the moisture

effects gives the same results)
0 ) ) ) ) ) ) that poleward migration of baro-
2 4 6 8 10 12 14 16 clinic eddy-driven jets can be
Rotation rate [2.] generated due to an asymmetry

in the eddy momentum flux con-
vergence around the jet core. The
larger eddy momentum flux con-
vergence on the poleward flanks of the jets is consistent with an asymmetry in baroclinic growth around
the jet's core. The type of bias (poleward or equatorward) in baroclinic growth, which we parameterize by
the Eady growth rate and supercriticality, is determined by the ratio between the meridional change of the
Coriolis parameter and the static stability (as the eddy-driven jets in our simulations are symmetric). In all
simulations presented here the static stability is nearly symmetric around the jet's core. Hence, the Coriolis
parameter is the main contributor to the poleward biased Eady growth rate and supercriticality. At the
flanks of the jets, the baroclinic growth precedes the increase of the eddy momentum flux convergence,
and thus drives the poleward migration of the jets due to the sphericity of the planet (the Coriolis parame-
ter). On the other hand, around the jet's core, the eddy momentum flux convergence precedes the baro-
clinic growth. A possible mechanism for the latter was discussed by Robinson [2000], where the EP flux
convergence (which occurs equatorward of their latitude of generation, due to the sphericity of the planet)
shifts the baroclinicity and the mean zonal wind poleward, thorough a mean meridional circulation. Thus,
the sphericity of the planet plays

x10° 4 major role in shifting the jet

' . ' ] 2.2 poleward [e.g, Nakamura, 1993;
Balasubramanian  and  Garner,
1997; Lorenz and Hartmann, 2001;
Riviere, 2009; Thompson, 2010].
Son and Lee [2006] showed that
the meridional propagation of
zonal anomalies is sensitive to the
meridional temperature gradient
forcing. Here, similarly, the verti-
cal shear of the zonal wind times
the Coriolis parameter (the merid-
ional temperature gradient, using
thermal wind balance) affects
the properties of the migration.
Beyond the possible application

Figure 10. The average number of eddy-driven jets as a function of rotation rate.
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6 8 10 12 14 16 of this mechanism to the observed
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Rotation rate [€2.] migrating anomalies in the extra-

tropics [Riehl et al, 1950; Dickey
Figure 11. Jet spacing (m) as function of latitude and rotation rate. et al, 1992; Feldstein, 1998], this
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So

work points to the general tendency of
baroclinically driven jets to propagate

° o D

meridionally with time.

The ratio between the Coriolis parameter
and the static stability in the Eady growth
° o rate and supercriticality, which plays a
® ° major role in determining the migration
° properties in this study and in Chan et al.
® o ° ° [2007], also appears in the stretching
term of the QG potential vorticity (QGPV).
Riviere [2009] showed the effect that the
absolute vorticity and stretching terms in
the PV gradient have on the meridional
location of the jet. While the absolute vor-
ticity terms cause anticyclonic wave
breaking and a poleward shift of the jet,
the stretching term causes cyclonic wave
breaking and an equatorward shift of the
jet. The poleward biased Eady growth
rate (Figures 5a and 9) implies that the
Coriolis parameter causes a meridional
asymmetry in the stretching term that
leads to a meridional asymmetry in the
shape of the jet, which may eventually
cause a poleward migration. The supercri-
ticality, however, contains the ratio
between the stretching term and only
1 the f term from the absolute vorticity.
The poleward biased supercriticality
(Figure 5b and Table 1) implies that both
the stretching term and f§ may contribute
to the poleward migration of the jets.

PILIDY

o

o

a
.

Migration rate
o
o
=

4 6 8 10 12 14 16
Rotation rate [2¢]

) ) s 4 As discussed in section 1, it is difficult to
Figure 12. Dependence on rotation rate. (a) Net Eady growth rate (107> s~ ', X . K X
blue) and the supercriticality parameter (green). Net refers to the sum of the test the jet migration mechanism on
Eady growth rate or supercriticality on the poleward flank minus the sum on the Earth using observational data. However,

equatorward flank. (b) Net eddy momentum flux convergence (10~° ms™2, N,). the regions of maximal momentum flux
Net refers to the sum of the eddy momentum flux convergence on the poleward
flank minus the sum on the equatorward flank. For the analysis of Figures 12a convergence on Earth have a strong cor-
and 12b only simulations with a clear separation between the subtropical jet relation to the strongly baroclinic regions,
and the écfdy-drlve‘n jets Yvere tﬁaken into ‘account (Q >‘3Qe)‘ (c) Jet's mlgratlon and baroclinically generated cyclones on
rate (ms~'). Only simulations with a continuous migration where taken into !

average do migrate poleward down-

account for the analysis in Figure 12c (Q > 5Q).

stream of their source regions [Coronel
et al.,, 2015]. This phenomenon is particularly evident in the Atlantic and Pacific storm track regions [Orlanski,
1998; Riviere, 2009; Kaspi and Schneider, 2013], and it is possible that the poleward migration of zonal anoma-
lies is also related to this spatial poleward tilt.

Lee [2005] used the Rhines scale and the supercriticality from Phillips [1956] in order to state that the number
of eddy-driven jets is nje; o< (Gim)o's, where a is the planet radius and ®,, is half of the potential temperature
difference between the equator to pole. Lee’s model suggests that the number of eddy-driven jets should be
oc Q%% Figure 10 shows that in our simulations, the number of eddy-driven jets is nje oc Q%%', and by includ-
ing the subtropical jet, nje; o< Q%52 Since in these simulations, the jet scaling follows the Rhines scale [Chemke
and Kaspi, 2015], and in Lee [2005] the width of the baroclinic zone was taken to be constant, the above dis-
crepancy could be explained by the variations of the width of the baroclinic zone with rotation rate.

O’Gorman and Schneider [2008b] showed that the meridional jet spacing approximately matches the eddy
length, which does not vary much with latitude, and the Rhines scale. This coincides with our finding
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regarding the dependence of the jet
space on rotation rate (Figure 11). How-
ever, our results do show that the space
between the jets increases with latitude,

— 0.05 {1 as was pointed out by Huang and Robin-
‘T.,, son [1998], and this increase becomes
E more moderate at higher rotation rates
% (Figure 11). We further discuss the prop-
E erties of the jet spacing on a multiple jet
-% planet in Chemke and Kaspi [2015].
E’ Williams [2003] showed that an equator-
= 0.04 ]

ward migration of eddy-driven jets can
occur in a Jupiter parameter regime,
due to an asymmetry in the eddy
momentum fluxes, which are larger on
" the equatorward side of the jets. Fol-
0.5 1 1.5 _52 lowing on the mechanism presented
Net N, [ms™] x10 here, such a case may exist if the static
stability on Jupiter increases poleward
faster than the Coriolis parameter. How-
ever, all wind and thermal structure
data for Jupiter are limited to the outer
cloud level, and therefore currently we
have no estimates for the static stability, nor do we know the depth to which the dynamic weather layer
may extend [Kaspi, 2013]. If indeed the observed jets on Jupiter are mainly eddy driven [Salyk et al., 2006],
then Jupiter lies in the regime where such poleward migration is possible, however current detailed wind
observations, which all rely on cloud tracking have been interpolated only for very specific and short times
during spacecraft flybys [e.g., Choi and Showman, 2011].

Figure 13. Jet migration rate as a function of net eddy momentum flux conver-
gence for different rotation rates. Net refers to the sum of the eddy momentum
flux convergence on the poleward flank minus the sum on the equatorward flank.
The red line is a linear fit, and has a slope of 1.4X10°.
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